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I. INTRODUCTION
In situ thermal tests, which are to be conducted in the Exploratory Studies Facility (ESF) in the unsaturated zone (UZ) at Yucca Mountain, are required to test coupled C) process models that support total system performance assessment. The ESF thermal tests must provide an understanding of coupled T-H-M-C processes that are relevant to expected repository conditions. Current planning includes the possibility of two large-scale tests:
(1) the first ESF (drift-scale) thermal test, which will be conducted under an accelerated heatup and cooldown schedule, and (2) a second ESF (multi-drift) test, which will be a larger-scale, longerdwtion test, conducted under a less accelerated heatup and cooldown schedule.
With the V-TOUGH (vectorized transport of unsaturated groundwater and heat) code,' we modeled and evaluated a range of heater test sizes, heating rates, and heating durations under a range of plausible hydrological conditions to develop a test design that provides sufficient (and timely) information to determine the following:
1. The dominant mode@) of heat flow. 2. The major T-H regime@) and the T-H-M-C processes that determine the magnitude and direction of vapor and condensate flow.
3. The influence of heterogeneous conditions on the flow of heat, vapor, and condensate.
A major purpose of the ESF thermal tests is to determine which major decay-heat-driven T-H flow regime(s) will govern the magnitude and direction of vapor and condensateflow in the UZ. With respect to advective rock dryout, the three major T-H flow regimes are as follows:
thermal-~drolOgi~-geoical-geomechanical-geochemi~ (T-H-MThrottled nonbuoyant regime: bulk permeability kb is low enough (kb < 1-10 millidarcy) to throttle the rate of boiling-driven rock dryout.
Unthrottled nonbuoyant regime: kb is high enough (kb > 1-10 millidarcy) not to throttle the rate of boilingdriven rock dryout, but not large enough (kb < 1-10 darcy) for buoyant gas-phase convection to dominate the direction of vapor flow. Unthrottled buoyant regime: kb is high enough not to throttle the rate of boiling-driven rock dryout and is also large enough (kb > 1-10 darcy) for buoyant gas-phase convection to dominate the direction of vapor flow.
How these regimes influence the flow of heat, vapor, and condensate depends in part on whether vapor diffusion is substantially enhanced. Therefore, another major p u~~~s e of the thermal tests is to determine the degree of vapor diffusion enhancement.*
II. ANALYSIS AND CONCLUSIONS
We evaluated (1) heated areas of 50,270,490, 1475, and 5077 m2; (2) I-, 2-, and 4-yr full-power heating periods;
and (3) heating rates of 122, 177, and 236 W/m2. We then determined a minimum heated area, minimum heating duration, and a preferred heating rate based on the following criteria: (1) ability of the test to discriminate between the major T-H regimes, (2) rock dryout volume, (3) peak rock temperatures, (4) duration of refluxing conditions, ( 5 ) ability to observe the influence of heterogeneity, and (6) ability to observe whether heat conduction is able to overwhelm the effects of heterogeneity.
We started by evaluating the plate thermal test,2 which was the basis for determining a minimum heated area of 1000 to 1500 m2 . This area is required to (1) diagnose whether buoyant or nonbuoyant behavior predominates, (2) minimize the peak temperatures associated with a given dryout zone thickness, and (3) generate a large enough tabular condensate zone that will allow the development of heat-pipe zones. Smaller heated areas (such as that associated with the singleelement thermal test) do not generate enough refluxing above the boiling zone to allow for observations of potentially critical intercoupling between T-H and geochemical processes.
We evaluated the single-drift thermal test (without wing heaters) and found that the large lateral heat flow necessitates high peak temperatures to create a thick enough dryout zone; moreover, this test does not perch enough condensate to promote refluxing. We then evaluated the single-drift, "winged" thermal test and determined that an optimal confisuration consists of the following: a row of drift heaters generating 0.8 kW/m along the drift axis, flanked by "wing" heater arrays generating an areal power density APD of 105 W/m2 over 5. Buoyant gas-phase convection dominates heat flow ,6. D e w of vapor diffusion enhancement ,7. Reflw-driven gmchemical alteration of flow and transpo rt properties 8. Rock heterogeneity dominates vapor &d condensate flow 9. Heat conduction overwhelms effects of heterogeneity on vapor and *Is only applicable if item 8 was found to be important. the interval 4 < 1x1 < 9 m and 157.5 W/m2 over the interval 9 c C 14 m. This configuration (the reference case) generates an APD of 122 W/mz averaged over the entire heated area. Figure 1 shows the dimensionless liquid saturation distribution at various times during a 4-yr fullpower heating period for the reference case.
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We then evaluated the reference single-drift, winged thermal test and found that a 2-yr full-power heating period is required to provide clear and unambiguous information about all three major T-H regimes and about whether vapor diffusion is substantially enhanced. A 4-yr full-power test provides an earlier determination than the 2-yr full-power test of the degree of vapor Musion enhancement and of whether buoyant gas-phase convection of humid air accelerates rewetting the dryout zone to humid conditions.2 Table 1 summarizes the time requirements for diagnosing various T-H-M€ effects.
For determining the dominant T-H regime@) and dominant heat flow mode@), the most diagnostic measurements are the following:
1. Veaical temperature and gas-phase pressure distributions during heatup.
2. Gas-phase pressure history in the drift during heatup.
3. RH history in the drift during heatup.
For determining the degree of vapor diffusion enhancement, the most diagnostic measurement is of the RH history in the drift during oooldown.
We then evaluated whether the tests allow observations of the effects of heterogeneity on the flow of heat, vapor, and condensate. These effects w i l l be observable within the first 1-2 yr of the test and are most apparent in the temperature distribution. A full-power heating period of at least 6 yr might be required to determine whether heat conduction overwhelms the influence of heterogeneity on temperature and liquid saturation near the heater horizon (item 9 in Table 1 ). For determining the influence of heterogeneity, the most diagnostic measurements are the following:
1. Horizontal temperature, liquid mturation, and RH distributions during heatup.
2. RH history in the drift during heatup.
We also evaluated whether the tests provide for refluxing conditions of sufficient duration and over a large enough volume to allow for observations of potentially important coupled T-H-C processes. The 4-yr full-power test is much more likely to promote conditions necessary to make these observations than the 1-or 2-yr full-power tests.
We then evaluated heating rate and made a preliminary determination that the 177-m2 2-yr full-power test has virtually all of the advantages of the 122-m2 4-yr full-power test, while not requiring greater peak temperatures. We plan to conduct additional calculations to extend the analysis of the 177-W/m2 case to include evaluation of enhanced vapor diffusion and heterogeneity to determine whether we can acommend the 177-W/m2 case for the first ESF thermal test. We also plan to conduct additional calculations to examine the sensitivity of T-H behavior observed during the thermal tests to either high or nonuniform percolation flux. e Irl e 9 m and 157.5 W/m2 over the interval 9 e 1x1 e 14 m from the drift centerline. The medium-shaded area surrounding the heater array corresponds to a region that is drier than ambient (dryout zone). The dark-shaded area surrounding the medium-shaded area corresponds to a region that is wetter than ambient (condensation zone 
